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Modern technologies for producing carbon nanostructures are based on many
years of experience in the development of coating methods. The latest trends
in the formation of carbon nanostructures are associated with complex tech-
nological processes of physical and technical treatment, when microstruc-
tures are obtained based on traditional methods, which are then completely
or partially modified into nanostructures. In this case, the possibility of the
formation of a part of nanostructures in a gas flow is considered in order to
use them as islands of growth of other nanostructures on the treated surface.
The conditions for formation of the specified structures are characterized by
the energy state of particles, physical and mechanical properties of particles
and substrate materials. The paper presents the results of numerical simula-
tion for determination of velocity and temperature of nanocomposite metal-
matrix powder particles in a supersonic nozzle. The necessity to determine
parameters of solid particles of powder in a two-phase supersonic flow is de-
termined. Particles velocity and temperature are the crucial parameters
which allow for formation of coatings and impact their physical and mechan-
ical properties. The contour plots of velocity and temperature distribution in
the nozzle and free space from the nozzle exit to the substrate are obtained.
Coating application and its characteristics are considered when selecting
coating materials. The numerical simulation is performed for the particles of
boron carbide (B4C) and nickel (Ni) powders. The dependence of velocity and
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temperature of nano-sized B4C particles in the nozzle on the gas initial condi-
tions is analysed. The obtained results are an important stage in the develop-
ment of optimal technological processes of coating deposition with selection
of arational ratio between velocity and temperature of the sprayed particles.

Key words: nanocomposite coatings, supersonic nozzle, cold spraying, micro-
and nanopowders, two-phase flow.

CyuacHi TexXHOJIOTii ofep:;KaHHsA BYTJIEIIEBUX HAHOCTPYKTYP CIMPAIOThCA Ha
GaraTopiuHM HOCBi PO3BUTKY MeTOJ HaHeCeHHA mMoKpuTTiB. OcTaHHI TeHae-
HITii B 00J1acTi popMyBaHHA BYTJIeIeBUX HAHOCTPYKTYP OB’ A3aHi 3 KOMILIEK-
CHUMHY TeXHOJIOTIYHUMMU IIpolecaMu (pisuKo-TeXHiYHOT0 06pOobIeHHA, KOJIU Ha
OCHOBIi TPaAUITIHHUX METOJ OJIEPKYIOTh MiKPOCTPYKTYPHU, AKi IIOTiM HOBHIiCTIO
a00 yaCTKOBO MOAU(iKYIOThCA B HAHOCTPYKTYypHU. Ilpu 11boMy posTisgacTbesa
MOXKJIUBICTh YTBOPEHHSI YACTMHU HAHOCTPYKTYP B ra30BOMY IIOTOIi, 3 TUM,
11100 BUKOPUCTOBYBATH iX B AKOCTi OCTPiBI[iB 3POCTaHHS iHIITUX HAHOCTPYKTYP
Ha 06pobJIIoBaHill TOBepXHi. YMoBaMu (DOPMYBAHHSA MIEBHUX CTPYKTYP € eHep-
TeTUYHUM CTaH YaCTUHOK, (DiBMKO-MeXaHiuHi BJIACTUBOCTI MaTepiAiB uacTu-
HOK Ta IMiAJI0KKA. ¥ poOOTi mpencTaBaeHo pe3yJIbTaT KOMII IOTEPHOI'0 MOJe-
JIIOBAaHHS i3 BUBHAUEHHSA IIIBUAKOCTHU Ta TEMIEPATYPU YACTMHOK HAHOKOMIIO-
BUTHHUX MeTaJO-MaTPUUYHUX MOPOIIKiB y HaA3ByKOBOMY corri. ChopMyaboBa-
HO Tpo0JeMy HeoOXiJHOCTM BU3HAUEHHSA HMapaMeTPiB TBEPAOI YaCTHUHU IIOPO-
IIKY B ABO()asHOMY HaA3ByKoBoMYy moToili. IIIBuakicTs i Temmeparypa dyacTu-
HOK TIOPOINKY € HaWBaKJMBIINIMMU mapaMeTpaMU, Bii AKUX 3aJI€KUTHh MOMXK-
JUBicTh (hOPMYBaHHSA IMOKPUTTS, a TaKOK IX (pismKo-mMexaHiuHi xapaKTepuc-
TuKu. Ogep:KaHo II0JIA PO3IOLiIY MIBUAKOCTH Ta TeMIIEPATYPU IIOTOKY B COILIL
Ta BiIbHOMY IIPOCTOPi Bix 3pisy comia go migmosxk:ks. Ilpu BubGopi mopomiko-
BUX MATEPifAJiB OJaA HOCIiMKeHHA OYJIO BpaXOBAaHO CIYyK00Be IpU3HAUECHHS
MOKPHUTTIB Ta IX BJACTUBOCTi. ¥ HaHill poOOTi MOIeTIOBAaHHSA IPOBEIEHO AJIA
YyacTUHOK mopomiKy Kapboima Bopy B4C Ta Hikaio Ni. BeramoBiieHo 3ayieKHiCTD
IMIBUAKOCTHA Ta TeMIIepaTypu HaHOpoaMipHuX uyactmHOK B4C B KaHaji comna
BiJ mapaMeTpiB ra3oBOT0 MOTOKY Ha BXomAi Hhoro. OmepskaHi pe3yabTaTu € Ba-
JKJIMBUM €TallOM PO3PO0JIEHHA OINTHUMAaJbHUX TeXHOJOTIUYHMUX IIPOIeCiB Hamu-
JIIOBAHHS 3 BUOOPOM paIlioHAJbHOI'O CIiBBiJHOIIIEHHS MiK IIIBUAKICTIO Ta T€M-
IepaTypoio YaCTUHOK, 10 HATTUJIIOIOTHCA.

KarouoBi ciioBa: HAaHOKOMIIO3UTHI TOKPUTTA, HAJ3BYKOBE COILJIO, XOJIOJHE Ha-
MHUJII0OBAHHS, MiKpPO- i HAHOIIOPOIIK Y, TBO(Aa3HUU IOTIK.
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1.INTRODUCTION

Carbon nanomaterials are considered as promising candidates for large
number of applications such as for FETs [1], supercapacitors [2],
nanofluid applications [3], photovoltaic devices [4] and field emitters
[6]. Metal-matrix composite carbon-containing coatings can be applied
in order to increase surface properties of the parts. These coatings con-
sist of a mixture of metal and carbides or oxides powders. Currently,
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the following methods are used to obtain such coatings: laser cladding
[6], plasma spraying [ 7] and deposition [8], and electron-beam cladding
[9], to mention a few. Various technologies are applied to treat the sur-
face to grow the nanostructures[10, 11], and most of them are ground-
ed on the physical effects occurring at the interaction of the gas-phase
[12], plasma [13] or sprayed material [14] with a treated substrate.
Among them, the technology of cold gas-dynamic spraying is a promis-
ing method for applying nanocomposite coatings [15].

Cold spraying (CS) is a coating method based on the effect of for-
mation of a strong metal layer during interaction of two-phase
(gas + solid particles) supersonic flow with a substrate. The principal
difference from the well-known gas-thermal methods (plasma, detona-
tion, gas-flame, etc.) is that the main energy source in the coating pro-
cesses is the kinetic energy of not relatively light-weighted ions, at-
oms, or molecules [16], but of heavy high-velocity solid particles,
which are the clusters of the material. The physical mechanism of CS
coating is a high-velocity deformation of particles on impact, which
causes intensive shear instability of the material along the contact
boundaries and formation of adhesive-cohesive bonds [17].

Metal-matrix composite coatings based on boron carbide (B4C) and
nickel (Ni) metal base are of particular interest. Utilization of B4C with
its unique properties (high hardness, low density, etc.) in the initial
mixture can significantly improve physical and mechanical properties
of composite coating. The selection of nickel as a metal base is due to its
satisfactory machining and good corrosion resistance properties.

In recent years, deposition of nanocomposite coatings by cold spray-
ing has become an urgent problem. V. M. Fomin et al. [18] have sug-
gested a novel method of formation of heterogeneous Ni + B4C coating
based on cold spray deposition process with subsequent laser treat-
ment.

Paper [19] shows the study results of titanium-based coating prop-
erties with addition of silicon carbide and boron carbide particles. The
obtained coatings have showed low porosity (< 1% ). The coatings mi-
crohardness amounted to 98+29HV.,;, 139+65HV.,: and
258 +115HV_, for Ti, Ti+ B4C and Ti + SiC compositions, respective-
ly.

Influence of hard particles content on microhardness and thickness
of Al+B4C, Cu+B4C, Ti+ B4C and Ni+ B4C coatings was investigated
in [20]. It was found that adding of B,C to the powder composition
leads to increase of microhardness of composite coatings by compari-
son with microhardness of studied metal coatings without carbide solid
particles. It was showed that an increase of B4C volume concentration
in a powder mixture leads to decrease of coating thickness. The coat-
ings porosity was less than 2% .

A numerical simulation of two-phase flow in low-pressure cold
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spraying supersonic nozzle is described in enough detail in [21-23].
However, an analysis of current state of the art in a field of cold spray-
ing showed that previous studies were aimed at experimental research
of the spraying process of nanocomposite powder composition and it
lacks information of theoretical investigation of the process.

The development of mathematical models for prediction of particles
parameters in a gas flow is an important stage in optimization process
of cold spraying and development of technological recommendations.
The aim of this study is to determine the energy parameters of parti-
cles of nanocomposite coatings in low-pressure cold spraying superson-
ic nozzle in order to develop spraying technologies and new equipment.

2. SIMULATION DETAILS
2.1. Calculation Model, Boundary and Initial Conditions

The ANSYS FLUENT software was used for flow simulation. The cal-
culation was conducted for standard low-pressure cold spraying nozzle
SK-20 (Fig. 1).

The initial conditions for the simulation were: nozzle geometry, pa-
rameters of the flow at the nozzle inlet and properties of powder parti-
cles. Boundary and initial conditions were used to set the pressure and
temperature of the working gas at the nozzle inlet, axis of symmetry,
walls, ambient temperature and pressure.

The substrate was tagged as a wall at a distance of 15 mm from the
nozzle outlet. Air was used as the working gas. Air pressure at the noz-
zle inlet was set at 1.0 MPa. The inlet air temperature was set in the
range from 573 to 873 K. The simulation was performed for B,C and Ni
powders with a particle size of 500 nm and 15 um respectively. The
powder was fed perpendicular to the axis of the nozzle through the
powder supply channel named as Powder Inlet (Fig. 1). The powder
particles velocity at the Powder Inlet was set at 20 m/s with the tem-
perature of 300 K. Acceleration of the air-powder mixture to the su-
personic velocity was observed in the divergent part of the nozzle, con-
sisting of four consecutive cylindrical sections (Fig. 1). The ambient
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Fig. 1. SK-20 nozzle geometry.
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pressure and temperature were 1 bar and 300 K respectively. The cal-
culation model with boundary conditions is schematically shown in
Fig. 2.

In order to obtain the optimal size of the calculated mesh, a series of
preliminary simulations were performed. It was found that reducing
the mesh size less than 0.2x0.2 mm does not increase the accuracy of
calculations, but increases the calculation time.

2.2. The Governing Equations of Turbulent Flow

The gas flow in cold spraying is compressible, viscous and turbulent.
The model which is used in simulation is based on the Navier—Stokes
system of differential equations with the Reynolds method of averag-
ing the time-dependent equations together with the standard k—¢ tur-
bulence model. Governing equations for turbulent flow are the follow-
ing[24]:

1) Conservation of mass:

d
E(Png) =0, eY)

7

where p, is the gas density, V;is the velocity vector in the j*" direction;
2) Conservation of momentum:

d dp dr,;
= (P VV)=-"T s yp g, 2
dx, (pgViV) dx, dx, Peé @
where t;;is the stress, g;is the gravitational acceleration.

The stress can be given by

dv, dv. 2 dv,
o= ol G | @

J i

where p is the molecular viscosity, 6;;=1 for i =j, otherwise 6;;=0, u; is
turbulent viscosity given by
k!

b =p,C, s (4)
t

where C, is the constant, C,=0.09, k; is the kinetic energy of turbu-
lence, ¢ is the dissipation of kinetic energy of turbulence, which can be
defined in the k—¢ turbulence model.

A standard k—< model of turbulence is usually used to close the sys-
tem of equations (1)—(4). In accordance with FLUENT User Guide [25],
these are
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d d (u, dk
E(pg‘/jk) = E(c_tEJ + Gy + G, —p,E, ()
i i k i
d d [, de € g2
L o ve)="2 M a fG +6)-Gp, 2, 6
dx, (Pg i€,) dx, [Gg dxl} 1e kt( k b) 2:Pg B, (6)

where Ci¢, C2, o1, . are the empirical constants, o, is the turbulent
Prandtl number, on = wC,/kt, Gk is the rate of production of kinetic en-
ergy of turbulence:

dv, dv. \dv,
Gk = My : + - - ) (7)
dx, dx; )dx;
G is the generation of turbulence due to buoyancy:
d
G, =g, L& (8)
POy dx,

The presence of a solid dispersed phase in a two-phase flow can be
described using the second transport equation. The trajectory of the
particle of the dispersed phase is determined by the integration of the
balance of forces acting on the particle in the Lagrangian coordinate
system (Lagrange method for tracking the trajectory of the particle)
[26].

In order to simplify the calculations, some assumptions are made:
the shape of a particle is spherical, the particle is solid and inert. Cal-
culations are performed for the single particle in the gas flow. The in-
teraction between the particles is neglected because the volume con-
centration of particles is quite small [27]. Also, the calculations do not
consider the force of gravity, because the residence time of the particle
in the flow is very small.

The force balance equation acting on a particle can be written in the
following form [28]:

\2 3 77777\7575 |

Fig. 2. Boundary conditions for the simulation: I—nozzle inlet, 2—particle
inlet, 3—nozzle axis, 4—nozzle walls, 5—nozzle outlet, 6—non-reflective
boundaries, 7—substrate.
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av, g/, —p.)

Lo f V., -V )+ +F, 9)
dr P Py
where f,(V,, -V, ) is the drag force per unit mass of the particle:
18u C,Re
f = —b =2 (10)
p,d, 24
where Re is the relative Reynolds number, which is defined as
al|v.. -V .
Re — poo P | P, 0,1 , (11)
n

Cp is the drag coefficient and is a function of the relative Reynolds
number

O
b
Ré?

where a4, a2, 03 are the constants that apply over several ranges of Re.
The velocity of the particle at each point along the trajectory can be
predicted by integration of equation (9) with (12)

o
Cp=ay+ b (12)

b

Fig. 3. Gas flow simulation results at Po=1.0 MPa and Ty =723 K: gas veloci-
ty (a), gas temperature ().
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‘Zf -V, (13)

3. RESULTS AND DISCUSSION

Figure 3 shows simulation results for gas velocity (a) and temperature
(b) at the following gas inlet parameters: temperature is 723 K and
pressureis 1.0 MPa.

The results show that the acceleration of the gas occurs in the nozzle
throat and at the beginning of divergent part of the nozzle. Gas tem-
perature in the convergent part of the nozzle decreases to about 80% of
its initial temperature at the nozzle inlet. Further decrease in gas tem-
perature in the divergent part of the nozzle depends on the nozzle ex-
pansion ratio.

Figures 4 and 5 show simulation results of velocities and tempera-
tures of B4C and Ni particles depending on the gas temperature at the
nozzle inlet.

As can be seen from the results of the simulation, an increase in gas
inlet temperature leads to increase of gas velocity and temperature
which can be explained by the following equation:

V =\yRT, (14)

where R is specific gas constant, y is gas molecular weight, T is gas
temperature.

Particle velocity, m/s

1 —B,C (T,=573K)
2—Ni (T,=573K)
3 B,C (T,- 723 K)
|4—Ni (T,=723K)
5 — B,C (T,=873K)
6 Ni (T,=873K)

0 002 004 006 008 0140 012 0.14

Trajectory lenght, m

Fig. 4. B,C and Ni particle velocity at different nozzle inlet gas temperature T.
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3— B,C (T, = 723 K)
4—Ni (T,-T723K)
5— B,C (T, =873 K)
6 Ni (T,=873K)

0 0.02 004 006 008 010 012 0.14

Particle temperature, K

Trajectory lenght, m

Fig. 5. B.C and Ni particle temperature at different nozzle inlet gas tempera-
ture T.

Result demonstrates that inlet gas temperature affects the tempera-
ture and velocity of particles. An increase in gas velocity leads to in-
crease of velocity of particles in this flow. An increase in temperature
from 573 K to 873 K leads to an increase in the impact velocity of B4,C
particle from 145.6 m/s to 168.9 m/s and the particle impact tempera-
ture from 502.6 K to 710.5 K at a constant pressure of 1 MPa and the
spraying distance of 15 mm. For 15 mm nickel particles at the same
spraying parameters, the particle impact velocity increases from
357.6 m/s to 429.6 m/s and the particle impact temperature increases
from 388.2 K to 512 K. A sharp drop of the impact velocity of B4C par-
ticles can be explained with bow-shock development on the substrate
surface. The bow-shock leads to deceleration of nano-sized particles
and, to a lesser degree effects on micro-sized Ni particles.

4. CONCLUSION

Simulation of two-phase flow in a low-pressure cold spraying superson-
ic nozzle was carried out. The temperature and velocity for nano-sized
particles of B4C powder were obtained depending on the gas tempera-
ture at the nozzle inlet. The results were compared with the results of
micro sized particles of Ni powder at the same spraying condition. Ob-
tained results are important for further studying of cold spraying pro-
cess, modification, and development of spraying equipment in order to
develop a novel functionally gradient nanocomposite coating.
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